The physical processes are examined which can be used for the detection of X-rays in the range between about 3 and about 20keV and for the positional localization of the incident photons. The criteria for choosing a detector for particular purposes are discussed in general terms. Specific examples of one-and two-dimensional detectors are then considered with particular emphasis on devices which are still in a state of development, and an attempt is made to summarize the nature, performance and suitability for different experiments of available detectors.
Introduction
Most X-ray diffraction or X-ray scattering problems require the quantitative evaluation of a linear or a two-dimensional pattern. Recent years have seen the development of many different types of linear and area detectors for X-diffraction purposes, that is of position-sensitive detectors which allow the recording of the positions of the arrival of X-ray photons. In addition, imaging detectors have found increasing use in related fields, such as in X-ray astronomy, X-ray microscopy, X-ray absorption spectroscopy and topography. Lessons can also be learnt, and component parts utilized, from quantitative imaging devices developed for visible light.
The number of publications in these fields is very large. Progress has been covered in the three-yearly
Symposia on Photoelectronic Image Devices held at
Imperial College, London (see list of references). Imaging detectors for optical astronomy have been reviewed recently by Allington- Smith & Schwarz (1984) . New work on gas-filled chambers was reviewed at the Wire Chamber Conference (Bartl & Neuhofer, 1983) . Detectors are one of the chief topics considered at synchrotron radiation conferences, which are frequent features in the scientific calendar in Europe (see, for example, Wuilleumier & Farge, 1978; Bordas, Fourme & Koch, 1982) , in the USA (see *Editorial note: This invited paper is one of a series of comprehensive lead articles which the Editors invite from time to time on subjects thought to be timely for such treatment. Tomlinson & Williams, 1984) and in Japan (see Photon Factory Activity Reports). The development of position-sensitive detectors with associated hardware and software represents an important part of the work at the major national and international laboratories and is featured in their annual progress reports or similar publications. A small selection of these activities is summarized in Table 1 , where the name of a key worker is given for no purpose other than to facilitate a literature search, since no adequate coverage of all of this work can be given here.
In the following sections we shall first consider the general principles of X-ray detection and the factors which govern the choice of a detector for a given application. We shall then discuss some specific examples with the emphasis on less well known detectors and localization procedures. Finally, we shall attempt to draw some general conclusions on the best detectors for different problems now and in the near future. CCD  CMOS  DQE  EBS  EXAFS  GSPC  LPSD  MCP  MOS  MTF  MWPC  PDA  PHD  PSF  SEC  SIT charge-coupled device complementary metal oxide semiconductor detective quantum efficiency electron bombardment of silicon extended X-ray absorption fine structure gas-scintillation proportional counter linear position-sensitive detector microchannel plate metal oxide semiconductor modulation transfer function multiwire proportional counter photo-diode array pulse-height distribution point spread function secondary electron conduction silicon intensifier target
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X-ray detection
The only processes which can be used for the detection of X-ray photons in the energy range of interest for diffraction studies (3 to 20 keV) involve the interaction of the photon with an inner-shell electron and its complete absorption. This contrasts with the detection Table 1 . Some centres of detector development Centre Brookhaven National Laboratory, NY, USA of a charged particle which needs to lose only part of its energy in a detector so that its path and direction can be followed through more than one detector in tandem. The secondary effects which follow the absorption and which can be used for its detection are: 1. The ionization of a gas, leading to the production of electrons and positive ions.
2. The generation of electron-hole pairs in a semiconductor.
3. The photoelectric effect in which the absorption of the X-ray photon leads to the emission of a photoelectron from an X-ray photocathode.
4. A fluorescence effect in which part of the X-ray energy is converted into that of visible or ultraviolet photons which are then detected by a secondary process.
5. A chemical effect, such as the reduction of silver halide to metallic silver in a photographic emulsion.
All of these effects have been employed in the design of different kinds of position-sensitive detectors. Position-sensitive detectors can be classified as onedimensional detectors which define the detection point on a line (not necessarily straight), or twodimensional detectors which allow the position on a surface to be recorded (again, not necessarily a plane surface).
Some detectors, whether zero-, one-or two-dimensional, in addition permit the energy of the incident photon to be recorded.
Detectors may either be true counters in which individual detected photons are counted or they may be integrating or analogue devices which generate a signal which is a function of the rate of arrival of photons; this signal may then be digitized for recording purposes. The derivation of the positional information always requires an analogue step, since this information must be deduced from an analogue quantity which has to be encoded or digitized for the purpose of measurements.
The choice of a linear position-sensitive detector (LPSD) or of a two-dimensional, or area, detector depends on a large number of factors, chief among which are the following.
1. Detection efficiency 2. Dynamic range 3. Spatial resolution 4. Linearity of response to incident X-ray flux 5. Uniformity of response 6. Spatial distortion 7. Energy discrimination 8. Suitability for dynamic measurements 9. Stability, including resistance to radiation damage 10. Size and weight 11. Cost, including cost and complexity of ancillary electronic devices.
Methods of assessing the performance of area detectors under some of these headings have been discussed by .
Before discussing a few of the many types of PSDs individually we shall examine some of the criteria for the choice of a detector for a given application in a general way.
Detection efficiency
The detection efficiency of a detector is determined in the first instance by the fraction of the number of incident photons transmitted by any necessary win-dow or inactive layer, multiplied by the fraction usefully absorbed in the active region of the detector. The crystallographer rightly expects that this product, which is often called the absorption efficiency or the quantum efficiency, lies somewhere between 0"5 and 1.0 since the information loss due to incident photons not absorbed in the active region cannot be retrieved by subsequent signal amplification. There are many devices which give useful positional information in other X-ray fields which are, therefore, ruled out. Amongst them we may mention X-ray image intensifiers used for medical purposes whose entrance windows are nearly opaque to X-rays in the 5 to 20 keV range, many gas-filled counters, silicon semiconductor imaging devices except those with a deeper depletion region than is normal for less-energetic radiation, and metallic photocathodes which absorb far too small a proportion of X-rays in our energy range if they are thin enough for the resultant photoelectrons to escape.
For detectors other than pure photon counters the efficiency is further determined by the so-called detective quantum efficiency (DQE), ~. For our purposes this can be defined as
where N is the number of quanta incident upon the detector and a is the standard deviation of the output signal from the detector. For a photon counter with an absorption efficiency q, a=(qN) 1/2 and t:=q. An analogue detector with a DQE ~ thus behaves like a perfect counter which only detects a fraction e of the incident photons. Under favourable conditions the DQE of analogue detectors for X-rays is in excess of 0"5, but e varies with counting rate and is lower for detectors with a very large dynamic range, as shown below.
Dynamic range
The lowest practically measurable intensity is determined by the inherent background or noise of the detector. X-ray photons are relatively energetic and produce effects large compared with those due to, for example, thermally emitted electrons from a photocathode so that some form of discrimination against noise pulses is usually possible with a detector which counts individual photons, but not, of course, with integrating detectors.
The maximum intensity at which a counter can operate is determined by the dead time. In the case of an integrating or analogue detector with a variable gain there is a trade-off between maximum intensity and detective quantum efficiency. Such a device can often be regarded as having an output signal with an amplitude N V/M which is a noise-free representation of N, the number of photons detected in the integrating period of the device, where V, the maximum signal amplitude, is produced by M photons in this period. M can be varied by altering the gain of the detector. The noise can be regarded as a fixed fraction 1/r of the maximum amplitude V which is added to the signal. Then the total variance in the output signal will be O 2 = N V2/M 2 + V2/r 2 and the detective quantum efficiency
This equation shows the importance of having as small a value of 1/r as possible; it also demonstrates that, for a given value of r, M can be increased only at the expense of a reduced DQE. The analysis is valid for X-ray film (Arndt, Gilmore & Wonacott, 1977) , for television (TV) detectors (Arndt, 1984) , for the integrating gas detectors of Hasegawa discussed in § 3.3 below and for many semiconductor X-ray detectors.
Spatial resolution
The spatial resolution of a PSD is determined by the number and size of resolution or picture elements (pixels) along the length or parallel to the edge of the detector. In most diffraction experiments the size of the pattern can be scaled by altering the distance of the detector from the sample and what is important is the angular resolution of the detector when placed at a distance where it can "see" tile entire pattern. We shall see below that linear PSDs can be made with up to 2000 pixels and that area detectors are mostly limited to fewer than 512 x 512 pixels. The sizes of pixels vary widely ( Table 2) .
The number of pixels of an analogue detector is determined by the interval at which the image is sampled. By Shannon's rule the spatial sampling frequency should be at least twice the maximum spatial frequency present in the image. Imaging devices are conveniently characterized by their modulation transfer function (MTF) which is a plot versus spatial frequency of the modulation in the output signal when viewing patterns of alternating rectangular bars of zero and maximum intensity. The MTF of a number of imaging devices in tandem (for example, of an image intensifier lens coupled to a television camera) is the product of the individual MTFs. Published MTFs are a useful guide when investigating the possible usefulness of a combination of components, but of more direct importance to the crystallographer is the Fourier transform of the composite MTF: this is the point-spread function (PSF) of the complete device and is the relative response as a function of distance from the centre of a point image, such as that of a very finely collimated beam incident on the detector. PSFs are not necessarily radially symmetrical and may have to be specified in at least expressed differently, the slope of the MTF is non-zero even at very low spatial frequencies. It should be noted that the spatial resolution of a detector is affected by parallax: when an X-ray beam is incident on a planar detector at an angle to the normal the resultant image is smeared exponentially by an amount which is inversely proportional to the linear absorption factor. It is thus particularly advantageous for gas ionization detectors intended for the recording of wide-angle diffraction patterns to be filled with xenon at a high pressure (Table 2 and Fig. 1 ), as for example in the Xentronics area detector. This argument does not apply to the cylindrical or spherical drift-space chambers discussed in § 3.
Linearity of response
It is very difficult to measure the linearity of response of an X-ray detector over a range of intensities greater than, perhaps, 100, since the use of heavily attenuating filters greatly affects the spectral composition of the transmitted X-rays. For high precision it is probably necessary to make use of the inverse square law by mounting the detector on a very long optical bench so that its distance from a point X-ray source can be varied by a large factor.
Without actual measurement it is difficult to predict the linearity of an analogue detector with adequate accuracy.
The linearity of a counter depends on the counting losses, that is on the dead time of the counter and its processing circuits, as well as on the time modulation, if any, of the source, as, for example, with storage rings (Arndt, 1978) . We must distinguish between extendable and non-extendable dead times: most detectors are inactive for a 'dead' period after the absorption of an X-ray photon, independent of whether it is detected or not detected because it has occurred within the dead time of a previous event; this effect gives rise to an extendable dead time. Most detecting circuits exhibit a non-extendable dead time to which nondetected events make no contribution.
Counting losses can affect the behaviour of detectors in two different ways. In most analogue detectors and in counters with parallel read out, each pixel behaves as an independent detector and, in principle, all pixels are capable of recording simultaneously at the maximum intensity. In other devices, such as multi-wire proportional chambers with delayline read out (see § 3.1), the whole detector becomes dead after an event anywhere in the detector and what matters is the global counting rate. In many X-ray diffraction patterns only a very small part of the scattered intensity is in the wanted spots or lines, the great majority being in the unwanted background when integrated over the entire area of the detector. Consequently even weak diffraction patterns may produce a high global counting rate. Fortunately the fractional counting loss is the same for all parts of the pattern so that the relative intensities in a stationary pattern are not affected. Errors can, of course, arise in a pattern in which the overall count rate changes with time, as they may, for example, in a rotating-crystal pattern.
Uniformity of response
All PSDs show long-range and pixel-to-pixel variations of response to larger or smaller extents. The actual correction, in general by means of a look-up table, is easy to carry out during data processing provided the correction is stable in time and constant with varying intensity, but the measurements necessary for the calibration are often very time consuming since it is usually difficult to provide an illumination of the detector which is known to be uniform. The output signals of many analogue detectors contain fixed pattern noise which is synchronous with the read-out clock. This noise is usually removed during data processing which in any case requires the subtraction of the background pattern.
Spatial distortion
In most detectors there is some spatial distortion of the image. For image-intensifier systems, where the distortion is most severe, the effects are mostly long range and relatively symmetrical so that an analytical correction by means of a polynomial function is feasible; for other detectors a look-up table is necessary. Again, the necessary calibration procedure may be time consuming. Distortions cause point-to-point variations in pixel size which produce response variations additional to those from other causes.
Energy discrimination
The amplitude of the signal due to a single photon is usually proportional, or at least dependent upon, the photon energy. The variance in this amplitude, or the full width at half maximum (FWHM) of the pulseheight spectrum, for a monoenergetic input depends on the statistics of the detection process (Table 2) . A sharp pulse-height distribution (PHD) curve may permit simultaneous multi-wavelength measurements with a suitable counter or at least afford a reduction of the background by pulse-height discrimination. In an analogue detector the variance in the primary signal affects the DQE (Arndt & Gilmore, 1979) .
Suitability for dynamic measurements
There are many investigations in which it is necessary to investigate the time variation of a diffraction pattern. Many of these are low-angle or fibre diffraction studies on biological materials carried out with synchrotron radiation (Boulin, Dainton, Dorrington, Eisner, Gabriel, Bordas & Koch, 1982; Huxley & Faruqi, 1983) . The easiest problems are obviously those where the variation of the pattern is periodic and where stroboscopic measurements are possible.
Where the frequency is low and the individual time slots relatively long any of the detectors considered in this review can be used. For very short time slots integrating detectors with a long integration time are obviously unsuitable and only counters can be employed; the incoming pulses must then be gated and stored in an appropriate memory (Faruqi & Bond, 1982) .
Stores used for these experiments are described as histogramming memories; the contents of a given storage location are incremented by one whenever the corresponding address, which represents the position and the time of arrival of a photon, appears on the address bus. Much ingenuity has gone into designing fast histogramming memories which can be reconfigured so that the spatial resolution can be varied at the expense of the temporal resolution according to the requirements of a particular experiment (Hendricks, Seeger, Scheer & Suehiro, 1982; Daresbury Laboratory Technical Manual M03, 1983) .
The papers on data-acquisition circuits quoted in this section are only a very small selection of the large number of publications on this subject. For other relevant work the technical memoranda published by the laboratories listed in Table 1 will be found particularly useful.
Stability
Stability of the performance of a detector is of paramount importance. Most position-sensitive detectors are used in connection with microcomputers which make calibration and corrections for spatial distortion, non-uniformity of response and lack of linearity relatively easy, provided that these distortions remain constant. A special stability problem exists for certain detectors, notably semiconductor devices which are sensitive to radiation damage. Ways of minimizing such damage are discussed below for some of the individual devices.
Size and weight
The size and weight of the detector are not as important as, say, in satellite X-ray astronomy, but even in crystallographic applications they determine the ease with which the detector can be moved relative to the sample and thus the extent to which the diffractometer can be adapted to varying resolution and collimation conditions. Some otherwise excellent detectors cannot be moved easily (Xuong, Freer, Hamlin, Nielsen & Vernon, 1978) ; others, such as spherical-drift-chamber multiwire proportional chambers are designed for use at a fixed distance from the sample and may only be swung about the latter but not translated (Kahn, Fourme, Bosshard, Caudron, Santiard & Charpak, 1982) .
Cost
Of the factors governing the choice of a detector cost may often be the most important. It is, therefore, vital that none of the other requirements be overspecified. In principle, the ideal in all X-ray diffraction experiments would be to measure and record, as precisely as possible, the direction and energy of each and every diffracted photon over a period of time during which the sample may have to be rotated about more than one axis and during which physical quantities such as temperature, pressure or chemical conditions may have to be altered. In practice, the total amount of information and the data rate of such an ideal experiment may exceed the capabilities of existing data-processing or data-storage equipment and severe restrictions may have to be imposed. For example, in a typical diffraction experiment carried out with a conventional source, let alone a synchrotron radiation source, the sample may scatter 106 photons s-~ during the course of an exposure lasting for 104 s. One can conceive a detector which would allow the direction in space and the energy of each photon to be recorded to a precision of 1 part in 1000. The total uncontracted data rate would be 3 × 107 bits s-~ and the data volume 3 x 10 ~ bits or 4 x 10 l° bytes. Both the rate and volume would prevent such an experiment from being economically feasible even after the introduction of large-volume laser disc storage discs which are expected to become available in the near future. For similar reasons it is generally true that high-resolution real-time time-slot experiments or multi-energy-channel experiments are possible at most with one-and not with two-dimensional PSDs.
Gas-filled counters
In all gas-filled counters, whether one-, two-or threedimensional, the initial event is the absorption of the incoming X-ray photon in a gas atom or molecule with the emission of a photo-or alternatively an Auger electron. The detection efficiency depends on the fraction of the photons absorbed in the gas and this fraction is shown in Fig. 1 as a function of the product of gas pressure and column length for 8 and 17 keV photons in argon and xenon. In practice these two gases are the most suitable ones for X-ray detection since krypton is not a suitable counter gas; see, however, Fischer, Radeka & Smith (1986) , who have described high-resolution krypton-filled LPSDs for 17-25 keV X-rays. The ionization energy of noble gases is about 30 eV so that one 8 keV photon gives rise to about 270 electron-ion pairs. A low field ( < 1000 V cm -1) can be used for the direct collection of the charge: the resultant device is then an ionization chamber. The best available pulse amplifiers have a noise level of a few hundred electrons so that X-ray photons cannot be counted without further charge multiplication. Instead, the total charge due to many photons can be integrated over a longer period and the resultant current measured with a DC amplifier.
With higher collecting fields in the ionization chamber the electrons acquire sufficient energy to produce further ionization by collision with neutral filling gas molecules; this process is often referred to as "avalanche production' or 'gas multiplication'. The factor A by which the number of primary ion pairs is multiplied can be as great as ten to one hundred thousand. Up to a certain value of A the total amount of ionization is proportional to the energy of the original X-ray photon and the chamber is now a proportional counter. The electrical signal generated at the anode of the counter is due very largely to the movement of the positive ions from the immediate vicinity of that electrode; at the same time a corresponding pulse is induced on the cathode. The signal can be shaped to produce a pulse with a duration of the order of a microsecond.
In single-or multi-wire proportional counters (MWPCs) the secondary ionization (avalanche production) takes place in the highest field region, that is, within a distance of a few wire diameters of the anode wire or wires. The electrons are collected on the anode and the positive ions move towards the cathode, with very little spread of the ionization in a direction perpendicular to the field gradient, that is, parallel to the wire direction. It is thus possible to construct position-sensitive devices based on such chambers.
Proportional-counter behaviour is discussed in detail in many standard texts and review articles. For the basic physical principles see, for example, Wilkinson (1950) , Price (1964) , Dyson (1973) and Rice-Evans (1974) .
The gas amplification does not have to take place in the same region of the detector as the original absorption. In so-called drift chambers the primary ionizing event takes place in a low-field region where no avalanching takes place. The electrons drift through a grid or grids into a region where the field is sufficiently high for gas multiplication to occur. The drift field can be made cylindrical in a linear counter (Pernot, Kahn, Fourme, Leboucher, Million, Santiard & Charpak, 1982) or spherical in an area detector (Charpak, 1982) . If it is centred on the point from which the X-ravs diverge, that is on the specimen, the electrons drift in a radial direction without parallax being introduced. This principle has been used very successfully in the area detectors of the CERN-LURE group Kahn, Fourme, Bosshard & Saintagne, 1986) which are intended for large-angle diffraction patterns from single crystals (Fig. 2) .
In many experiments use is made of the energy discrimination of the detector. The ratio of the full width at half maximum to the position of the maximum of the pulse-height distribution is given by
where N is the number of primary ion pairs produced, F is the Fano factor (Fano, 1946 (Fano, , 1947 which takes into account the partially stochastic character of the gas multiplication process, and f is the avalanche factor. For proportional counters filled with typical gas mixtures (argon + methane) F = 0.17 and f = 0-65, but in the so-called Penning gas mixtures (e.g. noble gas and acetylene) f can approach zero at a certain field strength. In a wire counter with its rapidly varying field strength f is small only for a gas amplification of less than 50 (SipilS., 1976). The energy resolution for 8 keV photons could then be as low as 6%, but the pulses induced on the cathode wires of a MWPC are then too small to permit a precise localization. Schwarz & Mason (1984 overcame this problem by using uniform-field avalanching in two regions in tandem, separated by a drift space. The energy information was derived after the first low-gain gas multiplication process (A ~-500): a proportion of the electrons from the first avalanche then drifted into the second avalanche region which boosted the gas gain to more than 105, necessary to give a high spatial resolution.
In an alternative method (Charpak, 1982; Siegmund, Culhane, Mason & Sanford, 1982 ) the additive avalanche factor f is eliminated by deriving the energy information, not from the collected charge, but from the light pulse produced by the individual avalanches of each primary electron.
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Localization of the detected photon
There are several methods of deriving the position of the detected photon which are applicable to both linear and area detectors.
1. The charge produced in the avalanche can be collected on a resistive anode. In the case of linear detectors the central wire can be given a low or a very high resistance. The latter is most commonly made from a quartz fibre coated with carbon. The emerging pulse is detected at both ends of the wire, as in the original linear PSD of Borkowski & Kopp (1968) first applied for macromolecular studies by Gabriel & Dupont (1972) . Area detectors with a resistive disc anode must have at least three read-out electrodes (Stiimpel, Sanford & Goddard, 1973) . With lowresistance electrodes the position of the event can be computed by analogue circuits from the relative pulse amplitudes (Fig. 3a) ; a preferred method with highresistance anodes is to measure the rise times of the output pulses which are determined by the time constant formed by the input capacity of the pulse amplifier at each output and the resistance of the path from the detection point to the output electrode (Fig. 3b) . The disadvantages of the method are that the position resolution degrades towards the edges of the field of view and that the resistance changes with time, probably as the result of the resistive coating being damaged by irradiation; most resistive disc anodes, in addition, produce rather severe spatial distortions, and the maximum count rate is limited by the speed of the computation.
2. The anode or cathode is constructed in the form of two or more interleaved resistive electrodes insulated from each other. Provided that the charge distribution covers at least one unit of the pattern, positional information can be derived by relative pulse-height or by timing methods. Examples of this type of read-out are the linear backgammon (jeu de jacquet) counter together with its two-dimensional variant (Allemand & Thomas, 1976) and the wedgeand-strip anode developed by Anger and his collaborators (Anger, 1966; Martin, Jelinsky, Lampton, Malina & Anger, 1981) , for 2D read-out (Fig. 4) . The method seems capable of a higher spatial resolution than any other (Schwarz & Lapington, 1985) . A variant employs a graded-density cathode and is employed in the Xentronics MWPC (R. Burns, unpublished).
3. The anode or cathode can be made from a number of sections connected to a tapped delay line (Fig. 3c) . Positional information is derived from the time delay of the pulse relative to the arrival of an undelayed prompt pulse. Linear PSDs with delay-line read-out are usually made straight, but variants have been produced in the form of circular arcs (W61fel, 1983; Ballon, Comparat & Pouxe, 1983) .
Area detectors of this type require two parallel planes of parallel wires with the wires in the two planes at right angles to one another placed on either side of the anode, which also consists of parallel wires. The prompt pulse in such a detector, the multi-wire proportional chamber, is usually taken from the anode (Fig. 5) . In counters without a drift space the electron avalanche always ends on one anode wire, and there is then a pseudo-quantization in the position measurement made at right angles to the direction of the anode wires. In drift-space detectors with a narrow anode-wire spacing the avalanche lands on more than one wire and some interpolation is possible. In the direction parallel to the anode wires there is never any quantization and the resolution can be better than the cathode-wire spacing: Although pulses are induced on several wires the centre of gravity of the delayed group of pulses can be measured with precision. Delay-line read-out LPSDs have reached the highest resolution in the hands of Radeka and his group (see Smith, 1984) . Successful MWPCs of this type have been used for several years by Xuong and his collaborators (Xuong, Freer, Hamlin, Nielson & Vernon, 1978 of 1 Its. Limitations in the closeness of practicable wire spacing leads to a pixel size of the order of 1 mm. 4. A faster read-out is possible with MWPCs in which an individual amplifier and a scaler are associated with each wire, as in Fig. 3(d) , where the spatial resolution is that of the wire spacing. A higher resolution is achieved, at the expense of some loss of speed, if the centroid of the group of pulses is determined by fast electronic circuitry. The pulses may be taken from the anode or the cathode wires. The simplest centroiding procedure (Parkman, Hajduk, Jeavons, Ford & Lindberg, 1975) assumes that the distribution is symmetrical and determines its boundaries by a combination of discriminators and priority encoders. In an improved unpublished method developed at CERN by Santiard the centroid of the pulse cluster is determined from the individual amplitudes by hardware. Individual-amplifier-per-wire read-out systems have been described by Faruqi & Bond (1982) and by Hendrix, Fuerst, Hartfiel & Dainton (1982) for straight LPSDs and by Pernot, Kahn, Fourme, Leboucher, Million, Santiard & Charpak (1982) for curved LPSDs. Two-dimensional MWPCs of this type (Baru, Proviz, Savinov, Sidorov, Khabakhpashev, Shuvalov & Yakovlev, 1978) have been employed in the single-crystal diffractometer of Mokulskaya, Kuzev, Myshko, Khrenov, Mokulskii, Dobrokhotova, Volodenkov, Rubanov, Ryanzina, Shitikov, Baru, Khabakhpashev & Sidorov (1981) . Two versions of a high-resolution spherical-drift-chamber MWPC with individual wire read-out have been described by Kahn, Fourme, Bosshard, Caudron, Santiard & Charpak (1982) and Kahn, Fourme, Bosshard & Saintagne (1986) . Individual-wire read-out MWPCs have been operated at counting rates in excess of 10 6 S-1, subject only to local count-rate limitations (-~2x 104mm-Zs -1) set by space-charge effects due to earlier events.
Parallel-plate counters
In the gas-filled detectors which we have considered so far the electric field is cylindrically symmetrical in the immediate vicinity of the wire or wires near which gas multiplication takes place and the maximum count rate is limited ultimately by the electrostatic shielding effect of the ion sheath due to previous X-ray photons. In parallel-plate chambers the electrodes are in the form of very fine electro-formed grids: With this structure the pulse shape is quite different; the very sharp initial part, due to the rapidly moving electrons, can be separated, at the expense of a loss of signal amplitude, from the slow component due to the positive ions; in addition, the shielding effect is much less pronounced. Accordingly, counting rates up to at least 105 mm-2 s-1 should be possible with parallelplate PSDs (Peisert, 1982; Hendrix, 1984; Stiimpel, Sanford & Goddard, 1973) .
Current ionization PSDs
For the very highest counting rates it is necessary to abandon all methods in which individual X-ray photons are counted and instead to measure the ionization current produced by the incident X-rays. Hasegawa and his co-workers have produced a series of linear and area PSDs using current read-out from either cathode or anode. Fig. 6 shows the principles of a cathode read-out linear PSD. The cathode is divided into strips, each of which is connected to a capacitor and to an input terminal of a CMOS (complementary metal oxide semiconductor) analogue multiplexer. The charge accumulated on each capacitor in a given time period is transferred to a charge-sensitive amplifier when the associated channel is selected by an addressing signal. The output voltage of the amplifier is digitized by means of an analog-to-digital converter. The complete pattern is scanned by incrementing the addresses sequentially: The resolution is that of the strip spacing (--,0-5 mm) and the principle can be extended to two dimensions (Hasegawa, Mochiki & Sekiguchi, 1981; Mochiki, Hasegawa, Sekiguchi & Yoshioka, 1981; Mochiki, 1984; Mochiki & Hasegawa, 1985) . Global count rates in excess of 10 9 S -1 are possible with this method. 4. Semiconductor detectors Semiconductor detectors are essentially solid-state ionization chambers in which the incoming photon generates electron-hole pairs instead of electron-ion pairs. The energy required to produce an electron-hole pair in a semiconductor is a few electron volts and, accordingly, semiconductor detectors are sensitive to the entire electromagnetic spectrum from visible to X-rays. In addition, they can detect electrons directly. There are, therefore, three possible methods of constructing semiconductor X-ray detectors, each of which has its advantages and disadvantages.
X-RAY I
1. They can be exposed directly to the incoming X-rays.
2. The X-ray photons can be made to produce visible-light photons which are then detected in a light sensor.
3. The X-rays can be made to produce electrons which are detected by the semiconductor detector.
One of the principal attractions of semiconductors for the production of 1D or 2D PSDs is that it is possible to integrate the detector and the read-out circuitry on the same chip. This form of manufacture brings with it two advantages: first, the pixel size and position is fixed once and for all by the geometrical pattern of the device so that it is geometrically completely stable; secondly, integrated read-out circuitry with its low input capacity has an extremely low read-out noise.
All semiconductor X-ray PSDs are derived from imagers for visible light, which are of two basic typesphoto-diode arrays (PDAs) and charge-coupled devices (CCDs). The characteristics of the corresponding two kinds of X-ray detectors have been reviewed by Allinson (1982) , Borso (1982) and Radeka (1984); Radeka's paper was based on a summary talk at the Third European Symposium on Semiconductor Detectors: New Developments in Silicon Detectors (1984) ; the individual papers at this symposium cover most of the recent developments in the field.
In PDAs the detection of a photon-generated charge takes place in a depletion layer which is formed either in a suitably biased p-n diode or in a metal oxide semiconductor (MOS) capacitor. The electron-hole pairs are separated by the field associated with the depletion layer. The individual diodes store charge during the integration period; this is read out into a common video output line via MOS multiplexing switches. This architecture is usually adopted for linear arrays where the switches can be arranged around the periphery of the diodes with a minimum amount of dead space between them and where they can be shielded from the incident X-rays. PDAs tend to suffer from a high fixed-pattern noise due to differences in the performance of individual MOS switches.
In CCDs the sensing elements are always MOS capacitors suitably biased to establish charge-storage volumes. During read-out the charge is transferred in a 'bucket-brigade' fashion from one MOS capacitor to the next until it reaches the output. In linear CCDs this output is at one end of what is essentially an analogue shift register. Most 2D CCDs are frame transfer devices: at the end of the exposure the charge is transferred line-by-line to an identical array of MOS elements; while the next 'frame' is exposed in the image array the contents of the buffer array are transferred, one line at a time, to a single-line buffer from which they are shifted out element by element. A CCD imager of this type with m × n pixels can thus be regarded as consisting of m parallel shift registers each 2n pixels deep followed by an m-pixel-wide parallelin-serial-out shift register and a read-out amplifier. CCDs tend to have a particularly low read-out noise, but, since the transfer circuitry is interlaced with l~he detector elements, they are more difficult to shield and are more subject to radiation damage.
X-ray-sensitive semiconductor PSDs
For X-ray diffraction applications the main disadvantage of semiconductor devices is that the universal trend in their manufacture is in the direction of miniaturization, leading to a very small pixel size. Thus imaging devices with up to 2000 × 2000 pixels have been produced (Tektronix type TC 104) but the pixel size is typically --, 10 ~m for CCDs and ,--20 lam for PDAs; in most X-ray diffraction applications it would be difficult to scale down sample and source sizes to a point where the pattern size is appropriate to a semiconductor imager, although a 2000 × 2000 CCD with 27 × 27 l.tm pixels has been announced as 'coming soon'.
Semiconductor point counters are characterized by their very high energy resolution. In (3), § 3, N is now in excess of 2000 and, since there is nothing akin to gas multiplication f = 0, and F ---0.1, leading to an energy resolution of better than 2% in the 8 keV region. Some counting PSDs potentially have a similar energy resolution. Walton, Stern, Catura & Culhane, 1985) and Lumb, Chowanietz & Wells (1985) have described 2D X-ray-sensitive CCDs for X-ray astronomy research which function as photon counters, but they can only be used at very low counting rates. In integrating devices the energy discrimination is lost. The disadvantage of the low energy required to produce electron-hole pairs in semiconductors is that they suffer from a high dark current at room temperature and must be cooled to liquid-nitrogen temperatures for most purposes. Mercuric iodide and cadmium telluride offer some possibilities of roomtemperature detectors (Schieber, 1978) . The former material in particular has recently been used for detectors which rival the more conventional silicon and germanium detectors in energy resolution (Iwanczyk, Dabrowski, Huth & Drummond, 1984) . However, the electron mobility in mercuric iodide is much lower than in silicon (Worgan, 1982) , making for slower detectors. To date no arrays have been made from these materials.
Silicon detectors for visible-light applications are made with depletion depths of the order of 10 ~m. For the detection of 8 keV photons with more than 90% efficiency depletion depths of 165 ~m are necessary and these can be produced only from very-highresistivity material (Howes & Morgan, 1979) . Moreover, in commercial visible-light imagers the depletion region is covered by circuitry or by an inactive layer which constitutes an absorbing window for X-ray detection. For scientific use it is, therefore, customary to thin the device and to illuminate it from the back. The CCDs of Walton et al. (1985) and of Lumb et al. (1985) were back-illuminated and made from high-resistivity silicon; the former had a large depletion depth and a high absorption efficiency but the read-out noise was 120 electrons while the latter had a smaller depletion depth but a read-out noise of only 30 electrons.
One-dimensional X-ray detectors utilizing PDAs, such as those made by the Reticon Corporation, have found a number of applications, especially in dispersive X-ray absorption spectroscopy (EXAFS) (Jucha, Bonin, Dartyge, Flank, Fontaine & Raoux, 1984) .
A particular problem with silicon detectors is the damage caused by the incidence of X-rays or of energetic electrons. Jucha et al. (1984) have minimized the effects by masking all but the active part of their device and by operating it at low temperatures. They have shown that a damaged device can be largely restored by annealing.
It will be apparent from what has been said that the X-ray diffraction applications of directly sensitive semiconductor PSDs are likely to remain limited. A previous conversion to visible light or to electrons offers the possibility of an optical or electron-optical demagnification on to the imager, as well as of avoiding some of the other problems discussed above (Lemonnier, Richard, Piaget, Petit & Vittot, 1985) .
Light-sensitive semiconductor PSDs
Standard light-sensitive semiconductor imaging devices can be used for X-ray detection if the X-rays are first converted to light by means of a phosphor. X-ray phosphors are discussed in § 6.1 below. Here it should be noted only that read-out noise levels of as little as 10 electrons r.m.s, have been achieved at frame frequencies of 50 Hz at room temperatures (Endo, Furukawa, Matsunaga, Harada & Yoshida, 1985) and as low as 3 electrons r.m.s, at 0.2 Hz frame frequencies at liquid-nitrogen temperatures (Mackay, 1985) . In both cases standard frame-transfer CCDs with about 400 × 500 pixels were used and double-correlated sampling techniques were employed to reduce the noise (Janesick, Elliott, Collins, Marsh, Blouke & Freeman, 1984) . One 8 keV X-ray photon produces several hundred light photons in a good phosphor (see § 6.1); with the above noise levels it would only seem necessary to ensure that at least 1 to 3% of these photons reach the CCD device to produce a perfect Xray detector. Unfortunately, a light-coupling efficiency of this magnitude is possible only with 1:1 imaging and not with optics which demagnify to any appreciable extent (see § 6.2) and one is again limited to a very small device. The situation is more hopeful if an image intensifier (see § 6.3) is interposed between the phosphor and the CCD.
Electron-sensitive PSDs
In image intensifiers an output image is produced on a phosphor screen by electrons with an energy of a few keV ( § 6.3). A promising device with direct positional read-out consists of such an intensifier in which the phosphor is replaced by a CCD. As the CCD must now be inside the vacuum envelope of the intensifier it cannot easily be cooled and read-out noise level will be of the order of 100 electrons instead of having the extremely low values reported by Mackay (1985) and Janesick et al. (1984) . Various intensifiers have been described (Zucchino, Long, Lowrance, Renda, Crawshaw & Battson, 1981; Lemonnier et al., 1985) in which the electrons reaching the CCD have an energy of several keV so that the electron-hole generation is amplified (EBS process). High-energy electrons are liable to cause radiation damage and similar precautions as for X-rays, such as thinning and back-illumination are necessary ( § 4.1). Dereniak, Roehrig, Salcido, Pommerrenig, Sims & Abrahams (1985) have reported experiments with lowenergy (200 eV) electrons produced in a microchannel plate (MCP) image intensifier. Both approaches look promising but it is questionable whether a device with an X-ray phosphor input and of adequate size and resolution and at an affordable price will emerge in the near future. Bateman & Apsimon (1979) and Bateman, Apsimon & Arndt (1981) have described image intensifiers with an X-ray-sensitive photocathode consisting of lowdensity caesium iodide. In principle these intensifiers are well suited for coupling to a television camera or other read-out device. A position-sensitive photon counter with this type of photocathode and with a resistive anode read-out has been produced by Instrument Technology Ltd (A. Lyons, private communication). These photocathodes are capable of a high spatial resolution (~ 50 ~tm) but their routine production needs further development work.
Devices with an X-ray-sensitive photocathode
A large-diameter television camera tube with an X-ray-sensitive alkali-halide secondary electron conduction (SEC) target is under investigation at KFA, Jiilich (Haubold, 1984) . X-ray-sensitive television tubes with a beryllium window and a 25 mm diameter lead oxide target (Nishida & Okamoto, 1966 are available and 125 mm tubes have been described (Suzuki, Uchiyama & lto, 1976) .
X-ray-sensitive Saticon television camera tubes with an amorphous selenium-arsenic target have been described by Chikawa, Sato & Fujimoto (1984) . These tubes have an active diameter of only 10 mm but have a limiting resolution (MTF = 5%) of 6 lam and have an absorption efficiency of 52% for Mo K~ radiation; they are used mainly for X-ray topography.
Many of the devices described in this section are very promising, but, especially in the case of the largerdiameter ones, it is doubtful whether they will ever be produced in sufficiently large and long production runs to ensure a uniform quality or to make it safe to adopt them for on-going crystallographic research. The television cameras have only been used for qualitative imaging, but, in principle, they can be used in any of the ways described in § 6.
Television area detectors with external phosphor
Much development has gone into quantitative measurements with area detectors in which the diffraction pattern is formed on an external phosphor fibre optically coupled to a low-light-level television camera. Mostly the television camera embodies a demagnifying image intensifier coupled via demagnifying optics to a sensitive television camera tube, Fig. 7 (Arndt, 1982 (Arndt, , 1985 Arndt & Gilmore, 1979; Arndt & Thomas, 1982; Kalata 1982 Kalata , 1985 , but camera tubes with diameters up to 80 mm are available to which the phosphor may be coupled directly (Gruner, Milch & Reynolds, 1982) . In normal television usage the light image is converted into a charge image on the target of the camera tube which is then scanned by an electron beam in the form of a raster containing 625 lines with a field repetition frequency of 25 Hz in Europe, or 525 lines at 30 Hz in North America and Japan, so that the output video signal presents information sequentially pixel by pixel. If this signal is sampled 512 times per line the resultant read-out time per pixel is 100 ns and the sampling frequency 10 MHz, while the period of integration in the camera target is 40 or 33 ms. The accumulation of a statistically significant number of X-ray photons in a diffraction pattern usually requires a longer time period and there are three methods of achieving this:
1. The camera is operated at the commercial frequencies, the video signal is digitized and many television frames are summed, or averaged, digitally in an image store. For a large dynamic range of good signal-] 57 to-noise-ratio amplifier is required (see §2.2); the method is very versatile and can be adapted to a large range of intensities by an appropriate selection of the detector gain.
2. The scanning electron beam of the camera is switched off for an exposure period which, with a cooled target, may be as long as 1000 s. During this period an integrated charge image is formed on the camera-tube target which is then read out in a raster scan in the usual fashion. In this method, as developed at Princeton University (Milch, Gruner & Reynolds, 1982) , a slow scan is used taking about 20 s per image: the read-out circuits can thus have a narrow band width and produce a very good signal-to-noise ratio. This method is somewhat cheaper than the fast-scan method, but, especially with high intensities and short integration times, has a low duty cycle, that is, ratio of exposure time to total time elasped and it is used principally for time-slice studies in which an X-ray
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Image Intensifier " reducing cone pattern needs to be sampled at relatively long time intervals. 3. For very low X-ray intensities in which the probability of the arrival of a photon per pixel per frame period is much less than one the camera can be operated at normal frame frequencies in a digital mode. Specially designed circuits detect the charge image produced by a single X-ray photon and find the centre of gravity of this image (Kalata, 1982) ; the events are 'counted' in a histogramming memory. The method is capable of some energy discrimination and has a high spatial resolution because the centroid of the image can be found to a high precision.
X-ray phosphors
The incoming X-rays are converted to light in a phosphor which is coupled to the first photocathode of the system. This phosphor must satisfy the following requirements: . Fast-scanning television X-ray detector (after Arndt, 1985) .
1. It must have a high X-ray absorption and, preferably, its absorption edges must be above the maximum X-ray wavelength which is of interest.
2. It must be thin in the interests of high resolution. 3. It must be uniform. 4. It must have a high fluorescent conversion efficiency.
5. It must have a short decay-time constant. Both polycrystalline and monocrystalline phosphors are used for X-ray detection. The former give a higher light output but have a limited resolution; the latter tend to have a poorer light-conversion efficiency but have the best resolution. The most useful phosphors are shown in Table 4 . It is the possibility of optimizing the phosphor type, grain size and layer thickness for the particular application which is the principal advantage of using external X-ray phosphors in conjunction with a light-sensitive image intensifier.
Light coupling
Each incident X-ray photon should give rise to several photoelectrons from the first photocathode in order to achieve a high DQE (Arndt & Gilmore, 1979) . The best photocathodes have a yield of about 0.2 electrons per light photon; only fibre-optics coupling between the phosphor and the photocathode can give an adequate light-collection efficiency (in excess of 80% for 1:1 imaging). Magnifying fibre-optics coupling, which might be of interest for high-resolution topography systems, is equally efficient but with demagnifying fibre optics the light loss, though less severe than with demagnifying lenses, is still considerable for purely geometrical reasons. Fibre-optics cones, in which each individual glass fibre is conical, are available for magnification or demagnifications up to about 5:1. It should be noted that image intensifiers and TV tubes with electrostatic focusing are normally made with fibre-optics face plates and that some CCDs are available with fibre-optics windows.
Where lens optics must be employed, it is usual to employ two infinity-corrected objectives of the same diameter, but not necessarily of the same focal length, back to back (Fig. 8) . For an object which acts as a Lambertian emitter -which is only an approximation for phosphors-the proportion of light collected is (f1/Dl)2/4, where fl/D1 is the stop number of the first lens. The ratio of the focal lengths of the two objectives fz/fl is the demagnification M; the two lenses have the same diameter so that for demagnification the second objective has the smaller value of f/D. The lowest practical stop number for objectives is about 1.0, so that the best light-collection efficiency which can be achieved is about (2M) -2. These arguments demonstrate the impracticability of demagnifying a large image on to a CCD ( § 4.2).
Image intensifiers
In an image intensifier the photoelectrons from a photocathode are made to produce a visible intensified image on an output phosphor. In so-called firstgeneration tubes the intensification is produced by subjecting the electrons to accelerating voltages of up to about 15 kV: the number of visible-light photons at the output per keV of electron energy is about 80. The photon gain of the devices is typically about 100; there may be a brightness gain factor of M 2 if the electrostatic electron-optical system produces a demagnification of M. Standard image intensifiers are made with input-field diameters up to 80 mm, they always have fibre-optics input face plates on which the X-ray phosphor may be deposited, they are stable and robust, have a good resolution of better than 100 lam at the input and are relatively free from noise. Their low gain requires the use of a low-light-level TV camera tube in the next stage (Arndt & Gilmore, 1979) or of two or more intensifiers of this type in tandem (Kalata, 1982) .
For military .and civilian night-vision applications first-generation image intensifiers have largely been replaced by devices embodying one or two microchannel plates (MCPs) which produce an electron gain of up to 1000 per stage (see, for example, Emberson & Holmshaw, 1972; Garfield, Wilson, Goodson & Butler, 1976) . Unfortunately, commercial second-and third-generation intensifiers (Pollehn, 1985) are less suitable for quantitative scientific purposes than the first-generation devices: the now universal GaAs photocathode is less well matched to most X-ray phosphors, the gain of MCPs decreases with time, and the tubes tend to be noisier and have a slightly lower resolution than diode types of comparable diameter. Most commercial MCPs have plain rather than fibre-optic face plates and none appear to be available with a diameter greater than 50mm. Airey & Morgan (1985) have discussed some of the shortcomings of MCP image intensifiers. Nevertheless, these high-gain intensifiers do make it possible to construct relatively cheap moderate-performance X-ray detectors using standard-sensitivity TV pick-up devices, including CCDs (Dalglish, James & Tubbenhauer, 1984) instead of the low-light-level camera tubes necessary with a lower preamplification. An intensifier can, in principle, employ a variety of read-out methods, e.g. by substituting a resistive disc anode, a coded anode (Schwarz, 1985) or a CCD for the output phosphor. However, the only way of employing standard modules is to couple them to a TV pick-up device.
TV camera tubes
At present the best low-light TV camera tube for use in an X-ray detector is the silicon-intensifier-target (SIT) tube (Santilli & Conger, 1972) . It is available from many manufacturers in sizes up to 80 mm, has an adequate resolution for images up to 512 x 512 pixels and a linear transfer function (unity),) and its sensitivity is well matched for use with a single-stage image intensifier with a gain of 100. When cooled, this tube can be used for long exposures in an integrating slow read-out mode .
If and when better high-gain image intensifiers become available a better choice may be found in tubes like the Saticon (Goto, Isozaki, Shidara, Maruyama, Hirai & Fujita, 1974; Shidara, Goto, Maruyama, Hirai & Nonaka, 1981) whose diode gun gives them a superior resolution (Isozaki, Kumada, Okude, Ogusu & Goto, 1981) and which have superior 'lag' or 'sticking' performance, that is a short 'memory' for previous high-intensity patterns to which they have been exposed (Shidara, Tanioka, Hirai & Nonaka, 1985) .
Storage phosphors
A most interesting new device has recently been reported (Sonada, Takano, Miyahara & Kato, 1983; Miyahara, Takahashi, Amemiya, Kamiya & Satow, 1985) . This consists of a europium-activated barium halide (BaFX: Eu2+; X = Cl or Br) phosphor plate which is obtainable in large sizes and which is exposed like photographic film and then scanned with a laser beam causing photon-stimulated light emission of an intensity proportional to the original exciting X-ray intensity; this is measured with a photomultiplier. The plate is re-useable when the X-ray image has been erased. Noise level in the system is very low, the FWHM of the PSF is 0-2 mm and the dynamic range is reported to be approximately 105:1. The only disadvantages would appear to be the limited storage time (the luminescence fades to about one half in 10 h), the cost of the scanning equipment and the fact that, like all integrating devices, it can be used only for relatively slowly changing patterns.
Photographic film
X-ray film has the following properties as an imaging detector.
1. It has a very high spatial resolution (---25 ~tm). 2. It is available in a large range of sizes and it can be bent or curved.
3. Its response is uniform over its whole area. 4. It has no counting-rate limitations. 5. It produces a permanent visible record. 6. Its absorption efficiency is between ---20 and ~ 70% for X-rays in the range between 0-6 and 2"0/~. However, the response has a sharp discontinuity at the bromine absorption edge (0"92 A,) and the absorption efficiency is thus low just above this edge.
7. The optical density D of exposed and developed film is fairly accurately proportional to the incident X-ray flux. It is measured in a microdensitometer by determining the ratio Ir/l o of the transmitted to the incident light intensity falling on the film, where
The intensity of a diffraction spot is given by the area integral SAD dA over the area of a spot. This is always measured as ~ D summed over a large number of sampling points; because of the logarithmic conversion the area of these samples must be so small that D is essentially constant within any one sampling area. There is always an error, as pointed out by Wooster (1964) , due to finite sampling areas, which leads to an underestimate of diffraction spot intensities. 8. For X-ray photon energies greater than about 2 keV a single photon suffices to render a grain of the emulsion developable. As a result, the standard deviation of an optical density measurement, which is proportional to the statistical fluctuations in the number of grains, depends only on the fluctuations in the number of absorbed photons, independent of the grain size of the film (Arndt, Gilmore & Wonacott, 1977) or, in other words, the DQE is very close to the absorption efficiency of the emulsion. For most X-ray films unit optical density corresponds to about 106 grains mm -2 (Morimoto & Uyeda, 1963) . In photographic recording, therefore, diffraction spots tend to be over-determined statistically unless the spots are very small. 9. X-ray film has a limited dynamic range (between OD ,-,0.1 and -,~2.5), requiring the use of packs of several films in tandem so that the weaker reflexions are correctly exposed on the top film while stronger reflexions are measured on the lower films which have been filtered by the upper layers. The attenuation factor of most X-ray films for 8 keV photons is about 3; for harder radiation it may be necessary to interpose additional metallic foil filters.
10. The main disadvantage of photographic recording is that all information as to the time of arrival of the photons during the exposure is lost. This can have an important effect on the signal-to-background ratio in certain patterns. For example, during the exposure of a single screenless rotation pattern of a protein crystal the specimen may be turned through 2 ° . The reflecting range for an equatorial reflexion, as determined by the incident-beam crossfire and the sample mosaicity, may be 0-1 °. The local background surrounding the reflexion is thus exposed 20 times longer than the reflexion; an electronic area detector may be 'gated on' within a given area only during the time when a reflexion is expected at that point and thus achieve a 20-fold improvement in spot-to-background ratio.
Conclusions
We have reviewed a large number of detectors which between them offer high count-rate capability, good energy discrimination, high spatial resolution, a good response over a large range of wavelengths and a large dynamic range. Unfortunately, no single detector 5  5  5  3  5  5  2  5  4  5  4  3  5  5  0  5  5  5  5  3  2  2  2  1  5  5  5  3  5  5  5  5  2  2  2  2  5  5  5  5  0  0  0  0  4  3  5  3  0  0  0  0  3  3  5  3  0  I  0  0  5  2  1  0   MWPCs  TV methods combines all these properties nor is there much probability of such a device emerging. Fig. 9 shows most of the possible combinations of detection processes, localization methods and readout procedures which have been discussed above and in Tables 4 and 5 we attempt to summarize the performance of various linear and area detectors and make a judgment as to their suitability for various X-ray applications. Here we have devised an arbitrary scale from 0 to 5, where zero means unsuitable and 5 most suitable. In the column headed 'Development needed' zero signifies a fully developed commercially available detector, 1 a detector which is fully developed but not available freely and the higher numbers attempt to assess the amount of work required.
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